Anti-NMDA receptor (NMDAR) encephalitis is a newly identified autoimmune disorder that targets NMDARs, causing severe neurological symptoms including hallucinations, psychosis, and seizures, and may result in death (Dalmau et al., 2008). However, the exact epitope to which these antibodies bind is unknown. A clearly defined antigenic region could provide more precise testing, allow for comparison of immunogenicity between patients to explore potential clinically relevant variations, elucidate the functional effects of antibodies, and make patients' antibodies a more effective tool with which to study NMDAR function. Here, we use human CSF to explore the antigenic region of the NMDAR. We created a series of mutants within the amino terminal domain of GluN1 that change patient antibody binding in transfected cells in stereotyped ways. These mutants demonstrate that the N368/G369 region of GluN1 is crucial for the creation of immunoreactivity. Mass spectrometry experiments show that N368 is glycosylated in transfected cells and rat brain regions; however, this glycosylation is not directly required for epitope formation. Mutations of residues N368/G369 change the closed time of the receptor in single channel recordings; more frequent channel openings correlates with the degree of antibody staining, and acute antibody exposure prolongs open time of the receptor. The staining pattern of mutant receptors is similar across subgroups of patients, indicating consistent immunogenicity, although we have identified one region that has a variable role in epitope formation. These findings provide tools for detailed comparison of antibodies across patients and suggest an interaction between antibody binding and channel function.
Introduction
N-methyl-D-aspartate receptors are ionotropic glutamate receptors comprised of two GluN1 subunits and two GluN2/3 subunits (Dingledine et al., 1999; Cull-Candy and Leszkiewicz, 2004) . There are eight alternatively spliced GluN1 isoforms and two GluN3 subunits (A, B) that bind glycine and four GluN2 subunits (A-D) that bind glutamate. GluN subunits contain two large extracellular domains, the amino terminal domain (ATD) and S1 and S2 domains, which form the ligand binding domain; three membrane-spanning domains (TM1, 3, 4); a membrane loop (TM2); and an intracellular C-terminal domain that links to scaffolding proteins and messenger systems. The ATD is further subdivided into two lobes (Karakas et al., 2009) . NMDA receptors (NMDARs) are critical in learning and memory, and hypofunction of the receptor has been implicated in schizophrenia (Coyle, 2006) .
Recently, we described a new autoimmune disorder designated anti-NMDAR encephalitis (Dalmau et al., 2007) in which patients produce autoantibodies to the GluN1 subunit of the NMDAR (Dalmau et al., 2008) . The frequency of the disorder may be underappreciated; a number of cases of encephalitis of unknown etiology have been retroactively diagnosed as anti-NMDAR encephalitis (Prüss et al., 2010) . These antibodies crosslink the receptor, causing it to be internalized and destroyed (Hughes et al., 2010) , and antibody application to hippocampal slices attenuates LTP (Zhang et al., 2012) . Patients present with psychiatric symptoms, including memory loss, hallucinations, and paranoia. The disorder progresses to neurological dysfunction, including seizures, dyskinesias, and autonomic instability, which frequently requires mechanical ventilation (Dalmau et al., 2008) . The degree of recovery depends on speed of diagnosis (Dalmau et al., 2008; Finke et al., 2012; Kashyape et al., 2012) , making accurate and rapid diagnosis critical.
The initial patients diagnosed with anti-NMDAR encephalitis were mainly adult women in whom the presence of NMDAR antibodies coincided with an ovarian teratoma or cyst that expressed NMDA receptors (Dalmau et al., 2007) , which led to the hypothesis that the tumor is the precipitating autoimmune event in this subgroup (Dalmau et al., 2008) . Although the clinical symptoms are similar, the patient population now includes more men and children without tumors, making the immunological trigger more obtuse (Florance et al., 2009; Irani et al., 2010; Kashyape et al., 2012) . In contrast, other disorders associated with NMDAR antibodies, such as systemic lupus erythematosis (SLE), are clinically distinct, and the role of NMDAR antibodies in disease pathogenesis is less clear (Lauvsnes and Omdal, 2012) . Understanding the biochemical and physiological requirements of antibody binding is a crucial component in understanding the pathophysiology of autoimmune disorders, from myasthenia gravis to the rapidly evolving field of synaptic autoimmune encephalitides (Kayser and Dalmau, 2011) , of which anti-NMDAR encephalitis is among the most common.
In the present work, we explore the components of GluN1 that are necessary for patient antibody binding and the possible involvement of post-translational modifications and binding partners, identify a region of the receptor that influences both antibody binding and receptor function, investigate the effect of acute antibody application on channel function, and find a receptor subdomain that has a variable effect on antibody binding.
Materials and Methods
HEK293 transfection. HEK293 cells were cultured and transiently transfected as described previously . Briefly, cells were plated on poly-L-lysine-coated dishes (immunocytochemistry and electrophysiology: 0.5 g/ml on glass coverslips; immunoprecipitations and cellsurface biotinylations: 5 g/ml on plastic dishes) in minimum essential medium containing 7.5% fetal bovine serum, 2.5% horse serum, 1% penicillin/streptomycin, and 1% L-glutamine, maintained at 37°C/5% CO 2 . Cells were transfected 1 d later using the calcium phosphate method. For most experiments, the transfection solution contained 2 g of total DNA per milliliter of medium, divided equally between the DNA constructs used; for single-channel recordings and cell-surface biotinylations, the total amount of DNA was decreased to 1.33 g of DNA per ml in medium, with a ratio of 1:3:3 GluN1:GluN2:GFP (Gielen et al., 2009) . For GluN1/GluN2 cotransfections, medium was supplemented with 500 M ketamine (Sigma) to prevent cell death. In experiments blocking N-linked glycosylation, medium was supplemented with 2 g/ml tunicamycin (Sigma). In most experiments the GluN1a splice variant was used; therefore, residue numbering reflects GluN1a numbering.
Patient material. CSF was collected in accordance with the University of Pennsylvania Institutional Review Board guidelines and stored at Ϫ80°C. Unless otherwise noted, patient material used is CSF from adult female patients, the majority of whom had ovarian cysts or teratomas (i.e., the originally defined patient population). In immunocytochemistry experiments, patient CSF was used at a dilution of 1:10 to 1:100, depending on patient titer; control CSF was used at 1:10 to 1:20.
Immunocytochemistry. Transfected HEK293 cells were stained as described previously (Dalmau et al., 2008) . Briefly, 16 -24 h after transfection cells were fixed in cold 4% paraformaldehyde in PBS for 10 min at room temperature, washed once with PBS, permeabilized in 0.3% Triton X-100 in PBS for 10 min at room temperature, washed once with PBS, blocked with 10% bovine serum albumin (BSA) in PBS for 1 h at 37°C, and washed twice with PBS. Cells were then incubated in commercial NMDAR antibody and CSF (range 1:10 -1:100) in 1% BSA in PBS overnight, 4°C. Each experiment included CSF from at least one individual without anti-NMDAR encephalitis as well; none of these showed CSF staining of NMDARs. For most experiments, we used a commercial antiGluN1 antibody against the TM3-4 loop (BD Biosciences 556308, 1:1000). For experiments using the ATD-TM4 deletion mutant, we used a C-terminal GluN1 commercial antibody (Millipore. catalog no. AB9864; 1:200); for those experiments investigating the role of GluN2B domains, we used a C-terminal GluN2A/2B antibody (Millipore, catalog no. AB1548; 1:200). GluN3A expression was verified by Western blot (Tocris Bioscience, catalog no. 2059; 1:1000). (GluN3A plasmid kindly provided by Dr. Stuart Lipton, Sanford-Burnham Medical Research Institute, La Jolla, CA).
The next day, coverslips were washed twice with PBS and put into secondary antibody (1:1000 Alexa Fluor 488 goat anti-human, 1:1000 Alexa 568 goat anti-mouse or goat anti-rabbit, 1% BSA in PBS) for 2 h at 37°C. Cells were washed once with PBS and once with dH 2 O and mounted on glass slides in mounting medium with DAPI (Vectashield), and stored at 4°C until imaging. Cells were imaged on a Leica DMR microscope. Staining intensity was quantified using ImageJ software. Overall background was subtracted from each image using a sliding paraboloid with a set radius for each experiment. Mean pixel intensity of both the entire field and untransfected cells within the field was measured for both the 488 channel (human antibody) and 568 (commercial antibody). The mean intensity of the untransfected cells was subtracted from the overall mean intensity, yielding the mean intensity of transfected cells only. The 488 staining intensity was then normalized to 568 intensity to control for the level of GluN expression. Each 488/568 set of images was then further normalized to the average intensity of its matched wild-type GluN1 images, which were transfected, stained, and imaged identically to the mutant images, yielding a relative value of patient antibody staining of mutant versus wild-type receptor.
Site-directed mutagenesis and large-scale deletion mutagenesis. Point mutations were made using the Stratagene QuikChange Mutagenesis kit according to manufacturer's instructions. Larger deletions of GluN1 were made using a PCR-based method with the QuikChange kit (Makarova et al., 2000) . Briefly, primers were designed with two halves: the upstream half primes to the region immediately preceding the intended deletion, while the downstream half primes to the region immediately following the intended deletion. GluN1-ATD deletion (delete residues 26 -382): Forward (Fwd), 5Ј-cgc gcc gcc tgc gac ccc aag gga gga gag aca gag aaa cct cg; Reverse (Rev), 5Ј-gg ttt ctc tgt ctc tcc tcc ctt ggg gtc gca ggc. GluN1-TM4 deletion (delete residues 401-792): Fwd, 5Ј-cc acc aga cta aag ata tgg tt cgg tat cag gaa tgc; Rev, 5Ј-gca ttc ctg ata ccg aac cca tat ctt tag tct ggt gga c. GluN1-144-156 deletion: Fwd, 5Ј-cgc acg gtg ccg ccc gtc tac aac tgg aac cac atc; Rev, 5Ј-gtg gtt cca gtt gta gac ggg cgg cac cgt gcg aag g. GluN1-ATD top lobe deletion 1 (delete residues 26 -140), Fwd: 5Ј-cgc gcc gcc tgc gac ccc aag gtg ccg ccc tac tcc cac cag; Rev, 5Ј-gct gga ctg gtg gga gta ggg cgg cac ctt ggg gtc gca ggc. GluN1-ATD top lobe deletion 2 (delete residues 275-349), Fwd: 5Ј-gga ctt cag ctc atc aat ggc aac tat agt atc atg aac c; Rev, 5Ј-ctg cag gtt cat gat act ata gtt gcc att gat gag ctg aag.
Large-scale deletions of GluN2B were made by inserting restriction enzyme sites into wild-type receptor. The GluN2B-ATD deletion was formed by inserting BglII sites at residues 27 (Fwd, 5Ј-cgt atc ggg cag caa agc tag atc tca aaa gag cgc ccc; Rev, 5Ј-ggg gcg ctc ttt tga gat cta gct ttg ctg ccc gat acg) and 382 (Fwd, 5Ј-ggg tgg gaa aat gga aag aca gat ctc tgc aga tga aat act acg; Rev, 5Ј-cgt agt att tca tct gca gag atc tgt ctt tcc att ttc cca ccc). The GluN2B-S2 deletion was formed by inserting MluI sites at residues 703 (Fwd, 5Ј-gca gaa atg cac gcg tac atg gga aag ttc aac caa agg gg; Rev, 5Ј-ccc ctt tgg ttg aac ttt ccc atg tac gcg tgc att tct gc) and 793 (Fwd, 5Ј-gga gat gga aga act gga cgc gtt gtg gct cac tgg cat ttg c; Rev: 5Ј-gca aat gcc agt gag cca caa cgc gtc cag ttc ttc cat ctc c). The resulting DNA was cleaved with BglII or MluI respectively and run on a 1% agarose gel; the larger fragment was extracted and ligated overnight with T4 ligase (Invitrogen) according to the manufacturer's instructions. All mutations were confirmed by sequencing.
To verify mutant expression levels, HEK293 cells were transfected with wild-type or mutant DNA, lysed in 1.5ϫ stop buffer (75 mM Tris pH 6.8, 3.75 mM EDTA, 15% glycerol, 3% SDS), boiled, and run on Western blots. GluN2B expression levels were probed with a C-terminal GluN2A/2B antibody (Millipore, catalog no. AB1548; 1:100). GluN1 levels were probed with a TMIII-IV loop antibody (BD Biosciences, catalog no. 556308; 1:1000), with the exception of the GluN1-TM4 deletion mutant, which was probed with an ATD-specific antibody (Millipore, catalog no. 07-362; 1:1000). Blots were quantified using ImageJ and normalized to GFP levels (Sigma, catalog no. G1544; 1:3000) to control for transfection efficiency. Two mutants expressed at very low levels (N239Q and N276Q), so other mutation strategies were employed; no other mutants expressed at levels that were significantly different from wild type (one-way ANOVA, p Ͼ 0.05). Levels of mutants not reported in Results, percent compared to wild-type Ϯ SEM, n ϭ 5-6: GluN1-ATD deletion, 214.5 Ϯ 28.9; GluN1-TM4 deletion, 221.3 Ϯ 48.1; GluN1-ATD top lobe deletion, 114.2 Ϯ 15.7; GluN1-144-156 deletion, 71.9 Ϯ 13.6; 148.2 Ϯ 88.7; 85.3 Ϯ 36.1; 57.29 Ϯ 15.6; 118.6 Ϯ 37.8; 72.9 Ϯ 14.5; 198.3 Ϯ 59.6; 154 .1 Ϯ 74.9; GluN1-T370A, 99.6 Ϯ 34.1; GluN2B-ATD deletion, 129.9 Ϯ 36.6; GluN2B-S2 deletion, 78.1 Ϯ 19.8.
Immunoprecipitation. For immunoprecipitations (IPs) of heterologously expressed GluN1, HEK293 cells were transfected with GluN1 and GluN2B expression plasmids and lysed 16 -24 h later. Cells were washed twice with PBS with 0.1 mM CaCl and 1 mM MgCl 2 and lysed in 1 ml of lysis buffer per 100 mm plate. Lysis buffer contained 150 mM NaCl, 1 mM EDTA, 100 mM Tris-HCl, 1% Triton X-100, and 1% sodium deoxycholate, pH 6.5, supplemented the day of use with 1:500 EDTA-free protease inhibitor cocktail III (Calbiochem) and 1% N-octyl-␤-Dglucopyranoside (Sigma). Cells were lysed for 1 h at 4°C and collected. Debris was cleared by centrifugation at 16100 ϫ g for 20 min at 4°C. Supernatants were stored at Ϫ80°C until use.
For immunoprecipitations from rat brain regions, adult male CD rats were sacrificed by CO 2 inhalation in accordance with Children's Hospital of Philadelphia Institutional Animal Care and Use Committee guidelines. The brain was immediately removed and dissected on ice. Cortex, hippocampus, and cerebellum were immediately transferred to dry ice. Regions were homogenized in 20 ml lysis buffer per 1 g wet weight, and lysed for 1 h at 4°C. Debris was cleared by centrifugation at 39,000 ϫ g for 1 h at 4°C. Supernatants were stored at Ϫ80°C until use.
Immunoprecipitations were performed using the Pierce kit for crosslink IPs (Thermo Scientific), according to the manufacturer's instructions. To immunoprecipitate all GluN1 variants, a C-terminal commercial antibody was used (Millipore, catalog no. 05-432; 10 g/ column). CSF IPs were performed with 20 -50 l of CSF from patients or control subjects. All columns were incubated with lysate for 60 -90 min at 4°C and reused up to 10 times. Eluates were collected in tubes containing 5 l of 1 M Tris, pH 8.0. For mass spectrometry, eluates were pooled and concentrated with 10 kDa molecular weight cutoff centrifugal concentrators (Pall). To minimize protein adsorption into the concentrator membrane, concentrators were spun in 5 min intervals at 5000 ϫ g at 4°C, and the reservoir was mixed between spins. Concentrated eluate was run on a 10% Bio-Rad Ready Gel fixed in 25% ethanol/7% acetic acid for 20 min and stained with G250 until bands appeared. For Western blot, eluates were run on 10% Bio-Rad Ready Gel, transferred to nitrocellulose membranes, and probed with a different commercial GluN1 antibody (BD Biosciences, catalog no. 556308; 1:1000) .
Mass spectrometry analysis. For in-gel digestion, Coomassie-stained gels were excised and cut into 1 mm 3 cubes. Briefly, gels were destained with 50% methanol/1.25% acetic acid, reduced with 5 mM DTT (Thermo Scientific), and alkylated with 40 mM iodoacetamide (Sigma). Gels were then washed with 20 mM ammonium bicarbonate (Sigma). Gel pieces were dehydrated with acetonitrile. Trypsin (Promega) (10 ng/ml in 20 mM ammonium bicarbonate) was added to the gel pieces. Proteolysis was allowed to proceed for 4 h at 37°C (Tang et al., 2005) . Peptides were then extracted with 0.3% trifluoroacetic acid. Diisopropyl fluorophosphate (DFP) (Sigma) (Jansen et al., 1949 ) was added to a final concentration of 5 mM and incubated overnight at 37°C. Supernatant was pulled off followed by a second extraction in 50% acetonitrile/5 mM DFP at room temperature for 4 h. Supernatants were combined and lyophilized. One microliter (500,000 U) of PNGase F (New England Biolabs) was lyophilized in 20 l of 50 mM ammonium phosphate (Sigma), reconstituted in 20 l of H 2 18 O (Cambridge Isotopes), and then added to lyophilized extracts. Extracts were incubated at 37°C for 4 h, frozen, and lyophilized.
Tryptic digests were analyzed on a hybrid LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific) coupled with a NanoLC pump (Eksigent) and autosampler. Tryptic peptides were separated by reverse phase (RP)-HPLC on a nanocapillary column, 75 m inner diameter ϫ 20 cm ProteoPep2 (New Objective). Mobile phase A consisted of 1% methanol/0.1% formic acid, and mobile phase B consisted of 1% methanol/0.1% formic acid/80% acetonitrile. Peptides were eluted into the mass spectrometer at 300 nl/min, with each RP-LC run comprising a 15 min sample load at 3% B and a 90 min linear gradient from 5 to 45% B. The mass spectrometer was set to repetitively scan m/z from 300 to 1800 (r ϭ 100,000 for LTQ-Orbitrap) followed by data-dependent tandem mass spectrometry (MS/MS) scans on the 10 most abundant ions, with a minimum signal of 1500, dynamic exclusion with a repeat count of 2, repeat duration of 15 s, exclusion size of 500, and duration of 60 s, isolation width of 2.0, normalized collision energy of 28, and waveform injection and dynamic exclusion enabled. Fourier transform (FT) mass spectrometry (FTMS) full scan automatic gain control (AGC) target value was 1e6, while multiple spectrometry (MS2) AGC was 5e3, respectively. FTMS full scan maximum fill time was 500 ms, while ion trap MSn fill time was 50 ms; microscans were set at 1. FT preview mode, charge state screening, and monoisotopic precursor selection were all enabled with rejection of unassigned and 1ϩ charge states.
All MS/MS data were analyzed using Mascot (version 2.3.02; Matrix Science). Mascot was set up to search a subset of the UniProt-SwissProt/ Tremble protein sequence database containing human, mouse, rat, rabbit, chicken, and guinea pig sequences (version 14.5; 171,404 entries) or the Escherichia coli database appended with mutant sequences of the NMDA receptor (version 2011_05; 24,290 entries), assuming the digestion enzyme trypsin. Mascot was searched with a fragment ion mass tolerance of 0.80 Da and a parent ion tolerance of 50 ppm. Iodoacetamide derivative of cysteine was specified in Mascot as a fixed modification. Deamidation of asparagine and glutamine, O label at both C-terminal oxygens, and oxidation of methionine were specified in Mascot as variable modifications. Scaffold (version Scaffold_3_00_08; Proteome Software) was used to validate MS/MS-based peptide and protein identifications using the Peptide Prophet algorithm (Keller et al., 2002; Nesvizhskii et al., 2003) to establish a 1% false discovery rate.
Outside-out single channel recordings. HEK293 cells were transfected with a 1:3:3 ratio of GluN1:GluN2B:GFP (Gielen et al., 2009 ) for 16 -18 h in the presence of ketamine. Medium was changed and cells were maintained in fresh medium with ketamine for 2-14 h. Transfected cells were identified by GFP fluorescence. Cells were voltage clamped at Ϫ60 mV using borosilicate glass pipettes (World Precision Instruments) with resistances of 6 -9 M⍀. Intrapipette solution contained 150 mM potassium gluconate, 10 mM HEPES, 10 mM EGTA, 2 mM MgCl 2 , 1.4 mM CaCl 2 , and 2 mM Mg-ATP, pH 7.35, 310 mOsm. Currents were recorded at room temperature in Mg 2ϩ -free extracellular solution containing 155 mM NaCl, 3 mM KCl, 0.5 mM CaCl 2 , and 10 mM HEPES, pH 7.35, 310 -320 mOsm. Treatment applications were performed using a ValveBank 8.2 perfusion system with Lee valves (Automate Scientific); all traces analyzed were taken after at least 30 s of continuous application of 100 nM glutamate/1 M glycine.
To examine the effects of acute patient antibody application, outsideout patches were exposed to 100 nM glutamate/1 M glycine (agonist) for a minimum of 2 min followed by at least 7 min of exposure to agonist alone, agonist plus 1:100 CSF from patients without anti-NMDAR encephalitis, or agonist plus 1:100 CSF from anti-NMDAR encephalitis patients. CSF was dialyzed against extracellular solution to remove endogenous glutamate. CSF from two control individuals and three patients was used, with at least two patches per individual. One minute of trace before antibody application was analyzed and compared to 1 min of trace from 6 to 7 min of antibody application.
In all cases, signals were amplified using an Axopatch-1D amplifier (Molecular Devices/Molecular Devices Corporation), acquired at 20 kHz, filtered at 2 kHz, and saved using pClamp10 software for off-line analysis. A minimum of 1 min of traces were filtered at 1 kHz Bessel and analyzed using Clampfit 10. Most patches contained at least one double opening; these were excluded from analysis by suppression (Stocca and Vicini, 1998) . Closed dwell times were graphed in log histograms (Erreger et al., 2005) and fitted with six exponential components (Wyllie et al., 2006) . The two longest components of the exponential fit were used to estimate critical shut time (T crit ) values for the wild-type GluN1 patches and each mutant (Colquhoun and Sakmann, 1985) , such that equal numbers of events from each component of the distribution will be misclassified. T crit values represent the amount of time within which multiple openings can be assumed to originate from a single channel; therefore, a burst analysis of channel closed dwell times within the channel's T crit allows an assessment of channel closed time regardless of the number of channels within the patch. Individual T crit values were then used for burst analysis (Clampfit 10).
Cell surface biotinylations. Cell-surface biotinylations were performed as described previously (Hughes et al., 2010 ) after 16 -20 h transfections. Briefly, cells were washed twice with PBS containing 0.1 mM CaCl 2 and 1 mM MgCl 2 (rinsing solution) and incubated with gentle rocking for 30 min at 4°C in rinsing solution with 1 mg/ml Sulfo-NHS-Biotin (Thermo Scientific). Cells were washed twice with rinsing solution plus 100 mM glycine (quenching solution) and incubated with gentle rocking for 20 -30 min at 4°C in quenching solution. Cells were washed twice with rinsing solution and lysed in RIPA buffer containing 150 mM NaCl, 1 mM EDTA, 100 mM Tris HCl, 1% Triton-X, 1% sodium deoxycholate, 0.1% SDS, and 1:500 protease inhibitor cocktail for 1 h at 4°C. Cells were collected and cleared by centrifugation at 12,400 ϫ g for 20 min. One aliquot of supernatant was taken for lysate fraction and stored at Ϫ20°C until use. A second aliquot was incubated with washed avidin-linked agarose beads overnight at 4°C while shaking. Beads were spun down at 12,400 ϫ g for 15 min, and the supernatant (intracellular fraction) was removed and stored at Ϫ20°C until use. The beads were rinsed four times with (1) RIPA buffer, (2) high-salt wash buffer, (3) high-salt wash buffer (4), and nosalt wash buffer and stored at Ϫ20°C until use. Surface fraction proteins were eluted from the beads with equal volume 2ϫ sample buffer, incubated for 10 min at room temperature and 30 min at 37°C, and spun down. Lysate fraction protein concentrations were determined by BCA protein assay and equal amounts of protein were loaded; surface fraction samples were loaded in the same volume as their lysate counterparts. Gels were probed with anti-GluN1 antibody (BD Biosciences, catalog no. 556308; 1:1000). Lysate GFP levels were measured to control for transfection efficiency (Sigma, catalog no. G1544; 1:3000); surface transferrin receptor levels were measured as a surface fraction loading control (Zymed/Invitrogen, catalog no. 13-6800; 1:2000). Surface actin levels were also measured to verify clean fractionation (Sigma, catalog no. A2103; 1:3000).
Statistical analysis. Quantifications of immunocytochemistry images and cell surface biotinylation Western blots are expressed as mean Ϯ standard error of the mean (SEM). Statistical comparisons were made by Student's t test and one-way or two-way ANOVA plus Tukey's post hoc testing or Kruskal-Wallis test plus Dunn's post hoc testing, as indicated in figure legends. Correlation of antibody staining with model peptide half-lives was analyzed with nonlinear regression and one phase decay. Single-channel closed and open times were measured with cumulative fit histograms. For single channel burst analysis, the number of events per burst was evaluated with histograms, which were then fit with one-phase decay exponentials; all r 2 Ͼ 0.97. The tau values of those exponentials were then correlated with antibody staining using linear regression. All statistical analyses were performed with GraphPad Prism (GraphPad Software), and values of p Ͻ 0.05 were considered significant.
Results
We previously showed that the ATD of GluN1 is required for binding of anti-NMDAR patients' antibodies (Dalmau et al., 2008) , a region that is found in NMDARs across the CNS. However, patients' antibodies do not appear to stain all regions equally; immunohistochemistry experiments show robust hippocampal staining, some cortical staining, and very little cerebellar staining. Similarly, the (GluN1a)andinclude(GluN1b)exon5(GluN1aϭ0.482Ϯ0.088AU;GluN1bϭ 0.586 Ϯ 0.073 AU (where AU is arbitrary units); n ϭ 5 patients, p Ͼ 0.05, t test with Welch's correction). CSF from individuals without anti-NMDAR encephalitis (con CSF) does not stain GluN1-transfected HEK cells. B, Antibody staining is not affected by the absence of domains within GluN2B (n ϭ 7 patients, p Ͼ 0.05, one-way ANOVA plus Tukey's post hoc testing). C, The ATD of GluN1 is both necessary and sufficient for staining by patients' antibodies, although the lack of other extracellular and transmembrane domains does decrease antibody staining (n ϭ 7-10 patients, **p Ͻ 0.01, ***p Ͻ 0.001, one-way ANOVA plus Tukey's post hoc testing).
symptomatology of patients suggests hippocampal and cortical involvement, with less evidence of cerebellar dysfunction (Dalmau et al., 2008) . These regions express different levels of GluN1 splice variants (Laurie et al., 1995) , and one alternatively spliced cassette, exon 5, is found in the ATD (Dingledine et al., 1999) . Therefore, we expressed GluN1 splice variants with and without exon 5 in HEK293 cells and stained them with patients' antibodies. Some GluN1 isoforms do not reach the cell surface when expressed without a GluN2/3 (McIlhinney et al., 1998) ; therefore, by using permeabilized cells, we can evaluate the role of GluN1 alone. The presence or absence of exon 5 did not affect staining by patients' antibodies (Fig. 1A) . The adult hippocampus and cortex also express much higher levels of GluN2B than the cerebellum (Watanabe et al., 1992; Akazawa et al., 1994) ; although antibody binding only requires GluN1, it is possible that the presence of GluN2B modulates staining. We expressed GluN1 alone, with GluN2B, and with GluN2B mutants missing either the ATD or the S2 domain, either of which could potentially alter GluN1-ATD conformation and therefore staining. None of the GluN2B variants impacted antibody staining (Fig. 1B) , confirming the importance of GluN1 in antibody recognition.
We next sought to determine whether the ATD is also sufficient for antibody recognition. Therefore, we created a GluN1 mutant that lacks S1, S2, and several transmembrane domains, linking the end of the ATD directly to TM4 (ATD-TM4). This mutant expressed well and stained robustly with patients' antibodies (Fig. 1C ). In contrast, GluN1 lacking the ATD did not stain at all, confirming both the necessity and sufficiency of the ATD for epitope creation.
Potential role of post-translational modifications in immunogenicity
These data indicate that while a specific region in GluN1 is necessary and sufficient for immunoreactivity, it is not associated with known variability in primary sequence in different regions of the brain. Therefore, we considered whether post-translational modifications might alter immunoreactivity. Post-translational modifications (PTMs) can occur differentially in different parts of the CNS (Grigoriadis and De Souza, 1989) . They can also alter immunogenicity of proteins, which can trigger autoimmune responses; the presence of an epitope that is not expressed in the thymus appears to make it easier to escape self-tolerance (Doyle and Mamula, 2001) . Among PTMs that are found on extracellular domains, N-linked glycosylation is one of the most common. The ATD of GluN1 includes seven N-linked glycosylation consensus sites. When we blocked N-linked glycosylation by growing cells in the presence of tunicamycin, an inhibitor of N-acetylglucosamine transferases, patients' antibodies no longer stained cells transfected with GluN1, indicating that N-linked glycosylation may be necessary for creation of the epitope (Fig. 2A) .
However, NMDA receptor expression and formation can be altered by tunicamycin (Chazot et al., 1995; Everts et al., 1997) , and secondary effects on receptor structure could explain the lack of staining in tunicamycin-treated cultures. Therefore, to confirm the role of N-linked glycosylation in epitope formation, we created a series of receptors with single point mutations. The canonical N-linked glycosylation consensus sequence is N-X-S/T, where X can be anything except proline (Kornfeld and Kornfeld, 1985) . Each of the seven ATD glycosylation sites was mutated from N to Q; N239Q and N276Q did not express sufficiently (data not Figure 2 . GluN1-N368affectsepitopeformation,independentofglycosylationstate.A,BlockingN-linkedglycosylationwithtunicamycin(2 g/ml)blocksantibodystaining(DMSOϭ0.605Ϯ0.117AU,tunicamycinϭϪ0.016Ϯ0.020AU(whereAUisarbitraryunits);nϭ10patients, pϽ0.001,ttestwithWelch'scorrection).B,MutationofsixofthesevenN-linkedglycosylationsiteswithintheATDofGluN1doesnotaffectstaining bypatients'antibodies,whilemutationofN368toQblocksantibodystaining(nϭ6-9patients;wild-typevsN368Q,pϽ0.001;wild-typevsall others,pϾ0.05;Kruskal-Wallistest).C,BlockingN-linkedglycosylationofN368bymutatingT370toA,however,decreasesbutdoesnotabolish antibodystaining(nϭ11patients;*pϽ0.05,one-wayANOVAplusTukey'sposthoctesting,***pϽ0.001).
shown), so the additional mutants N239A and N276A were made. While six of the N-linked mutants did not affect staining with patients' antibodies, N368Q abolished antibody staining (Fig. 2B) , indicating that glycosylation of residue N368 may be a necessary component of the epitope.
To verify the role of N368 glycosylation, we made an additional mutation of the glycosylation consensus site, T370A. Unlike N368Q, T370A decreased antibody staining but did not fully abolish it (Fig.  2C) , indicating that glycosylation state is not the only determining factor in this region's role in epitope formation. In addition to being a consensus site for glycosylation, GluN1-N368 may undergo deamidation, a nonenzymatic PTM in which asparagine or aspartate residues are spontaneously converted first to a succinimidyl intermediate before resolving into either aspartate or isoaspartate (IsoAsp) . The process is determined by the flexibility of the region; in model peptides, NG sequences deamidate with a half-life of roughly one day, while more constrained NI sequences deamidate with a half-life closer to a year . Deamidation is also more common in long-lived proteins and occurs in unfolded portions of the protein. Like glycosylation, deamidation has also been associated with autoimmunity and escape from self-tolerance (Molberg et al., 1998; Moss et al., 2005) . The NMDA receptor tends to be long-lived (Huh and Wenthold, 1999) , GluN1-N368 appears to be in an unstructured region (Farina et al., 2011; Karakas et al., 2011) , and the C-terminal residue is a glycine, all of which make it possible that GluN1-N368 may natively deamidate and that this event may play a role in epitope formation.
We therefore made a series of mutations to residue G369 that would affect deamidation of N368: G369A, G369I, G369L, G369S, and G369T, which should slow deamidation to different degrees. These mutants were expressed in HEK293 cells and stained with patients' antibodies. As expected for a deamidation-based epitope, the G369 mutants stained to different extents (Fig. 3A) and correlated with deamidation rates of model peptides (Fig.  3B) . Additionally, we made an N368D mutant, which should allow deamidation, and an N368D/G369I double mutant, which would allow formation of Asp but block the formation of IsoAsp. N368D maintained antibody staining, although less robustly than wild-type, while N368D/G369I was not stained by patients' antibodies ( Fig. 3C) , potentially suggesting a role for isoaspartate rather than aspartate in the creation of the immunoreactive region.
To determine whether N368 is deamidated in culture systems and in vivo, GluN1 was immunoprecipitated from HEK293 cells expressing wild-type GluN1 or different N368/G369 mutants, as well as native GluN1 from rat brain cortex, hippocampus, or cerebellum, and analyzed by mass spectrometry. GluN1 was digested with trypsin followed by PNGase F in H 2 18 O. PNGase F deglycosylates N-glycosylated peptides, converting Asn to Asp; in the presence of H 2 18 O, these Asp residues are marked with 18 O (Gonzalez et al., 1992) . This allows quantification of amidated or unmodified GluN1 as well as natively deamidated GluN1 (ϩ1 Da) and GluN1 deglycosylated by PNGase F (ϩ3 Da). GluN1-N368D serves as a positive control for "deamidated" GluN1. PNGase F-treated wild-type GluN1 showed exclusively a ϩ3 Da shift in expected mass or a ϩ2 Da shift when compared to N368D (Fig. 4 A, B) , indicating that GluN1 is fully glycosylated under normal circumstances. This was also seen across G369 mutants as well as GluN1-N368 isolated from different brain regions (Fig. 4C) . Patient antibody staining has the same structural components as deamidation. A, Mutating residue G369 decreases staining by patients' antibodies to different extents (n ϭ 8 -9 patients, ***p Ͻ 0.001, one-way ANOVA plus Tukey's post hoc testing). B, Mutation of G369 to residues that increasingly slow deamidation in model peptides correlate with decreased patient antibody staining (r 2 ϭ 0.87, nonlinear correlation, one phase decay; where wt is wild type). C, Mutation of N368 to D maintains antibody staining at a decreased level while dual mutation of N368D/G369I blocks staining (n ϭ 8 -9 patients, ***p Ͻ 0.001, one-way ANOVA plus Tukey's post hoc testing).
Immunoprecipitation with patients' antibodies
Having shown that GluN1-N368 is glycosylated in different brain regions, we next sought to determine the exact PTM profile of GluN1 molecules that are recognized by patient antibody. Therefore, we immunoprecipitated GluN1 with CSF from a high-titer patient and analyzed it by mass spectrometry. GluN1 was positively identified, including N368 deglycosylated by PNGase F treatment (Fig.  4C) . Thus, patients' antibodies recognize glycosylated N368. Together, these results suggest that although deamidation of this residue is not the key event leading to immunogenicity, the structural determinants for creation of the epitope match those for deamidation of N368.
The results of the N368-related experiments suggest that glycosylation and deamidation of N368 are neither necessary nor sufficient for epitope formation, but more likely contribute by creating favorable conformations of this small region. Therefore, we sought to identify conformational components of epitope formation in other paradigms. Having determined conditions under which patients' CSF can immunoprecipitate GluN1, we further explored the issue of regional specificity of antibody with immunoprecipitation rather than immunohistochemistry. CSF from both a high titer patient and a lower titer patient immunoprecipitated GluN1 from whole rat brain lysate as well as cortex, hippocampus, and, in contrast with immunohistochemistry experiments, cerebellum (Fig.  4D ). These immunoprecipitations show that patients' CSF is capable of binding cerebellar GluN1 when presented in the correct context, and further demonstrate the presence of conformational features of the epitope. This conformational dependency of antibody binding is also probably responsible for inability of patients' antibodies to recognize NMDAR on Western blots (data not shown). O incorporation. C, Observed unmodified, deamidated (ϩ1 Da), or deglycosylated (ϩ3 Da) GluN1-368 peptides from N368/G369 mutants and rat brain regions, immunoprecipitated with commercial GluN1 antibody, and rat hippocampus, immunoprecipitated with CSF from two patients. "Unmodified" refers to peptides of the expected mass; N368D and N368D/G369I shownoevidenceofpost-translationalmodificationbutdoshowa1DaincreaseduetothepresenceofAspresidues.D,Westernblot(WB)ofGluN1immunoprecipitations(IP)usingcommercialantibodyorCSF from two different patients. Br, Whole brain; Ctx, cortex; Hp, hippocampus; Cb, cerebellum; all rat.
Lack of role of GluN2/3 subunits
Recent crystal structures show that the NMDA receptor ATD exists as a dimer of dimers, with a number of points of contact between the top lobes of dimerized GluN1 and GluN2 subunits, but with little contact between the bottom lobes due to a conformational rotation (Karakas et al., 2009; Stroebel et al., 2011) . GluN1 residues N368 and G369 are found in the bottom lobe of the domain; therefore, we suspected that their effects on antibody binding would be independent of GluN2 or GluN3 variant. Because we have created GluN1 mutants that show a wide spectrum of patient antibody binding, cotransfection with this panel of mutants allows us to identify even a minor impact of GluN2/3 subunit on antibody binding. Antibody staining patterns of N368/G369 mutants did not vary with GluN2 subunit or GluN3A (Fig. 5) , showing that patients' antibody staining is controlled by GluN1 alone.
Electrophysiological effects of N368/G369 mutations
Residues N368 and G369 are located near the top of the bottom lobe of the ATD, close to the hinge between the two lobes, a region that is postulated to control receptor physiology (Gielen et al., 2009; Yuan et al., 2009; Hansen et al., 2010) . Therefore, mutations in this area could induce conformational changes in the GluN1 ATD, which in turn affect the single channel properties of the receptor. To explore this possibility, we performed single channel recordings on outside-out patches from HEK293 cells cotransfected with different GluN1 mutants and GluN2B (Fig. 6A) . While there is no consistent relationship between the open time of the receptor and patient antibody staining (Fig. 6B) , the relationship between antibody staining and the closed duration of the receptor is fairly unambiguous; the GluN1 variants that stain most robustly are closed the shortest time. This does not reflect differential ability to reach the cell surface, as all N368/G369 mutants reach the surface to similar levels as wild type by cell-surface biotinylation (Fig. 6C) .
However, closed durations alone may reflect differences in the numbers of channels in a given patch; therefore, we performed a burst analysis of closed durations (see Materials and Methods). This revealed increases in the percentage of single opening events per burst among mutant receptors. Because single openings are excluded from a burst analysis-based calculation of P open (Plested et al., 2007) , we instead quantified the role of N368/G369 mutation on open probability by fitting single decay exponential curves to histograms of the numbers of events per burst. The tau of those exponential fits correlates strongly with patient antibody staining, suggesting that patients' antibodies stain GluN1 ATD forms that are prone to opening more frequently.
If antibodies are more likely to bind to an ATD conformation that promotes short closed durations, antibodies themselves may have an effect on receptor function. While prolonged (Ͼ24 h) incubation leads to a decrease in NMDAR levels (Hughes et al., 2010) , the acute effects of binding patients' antibodies are unknown. Therefore, we performed single-channel recordings on outside-out patches from GluN1/GluN2B-expressing HEK293 cells and applied agonist alone for at least 2 min (100 nM glutamate/1 M glycine), followed by agonist alone or with patient or control CSF (1:100) for an additional 7 min. Agonist alone or agonist with control CSF did not have a sizeable effect on open duration of the receptor (Fig. 6 E, F ) . Agonist with patient CSF, however, prolonged the open duration of the receptor (Fig. 6 E, F ) . None of the treatments had a consistent effect on receptor closed time (data not shown), indicating that patient antibody does not itself promote opening. Rather, these data suggest that patient antibody binds to a receptor that is more prone to opening and stabilizes the open state.
Immunogenic profile of adult male and pediatric patients
Although patients with anti-NMDA receptor encephalitis generally have similar symptoms and all show GluN1 reactivity (Dalmau et al., 2008; Florance et al., 2009) , different patient subgroups, based on demographic or etiological factors, could generate different immune responses. Having created a series of point mutations that alter patient antibody staining in stereotyped ways, we tested whether antibodies from the more recently identified patient populations recognize N368/G369 mutants similarly. Both adult male and male and female pediatric patients (Fig. 7 A, B) showed the same staining patterns, indicating that all anti-NMDAR encephalitis patients, regardless of age, sex, presence of tumor, or variability in presentation, have similar epitopic determinants and share similar immunological processes.
Deletion of additional ATD subdomains
The recently published GluN1 ATD crystal structures (Farina et al., 2011; Karakas et al., 2011) show that residues N368 and G369 are located in the bottom lobe of the ATD, near the hinge of the two lobes. To determine whether the N368/G369 mutations cause a conformational change that affects a distant epitope or are Figure 5 . GluN1-N368/G369 modulates patient antibody staining with no contribution from GluN2/3 subunits. A, Example overlay pictures of wild-type GluN1, G369S, and G369L subunits coexpressed with GluN2 subunits, GluN3A, or vector. Red, Commercial GluN1 antibody; green, patient CSF. B, Quantification of coexpression studies. GluN1 mutant accounts for most of the total variance (n ϭ 3 patients; GluN1 ϭ 69.2%, p Ͻ 0.0001, two-way ANOVA), while GluN2 subunit effects are nonsignificant (2.52%, p ϭ 0.14). GluN3A also does not impact patient antibody staining (n ϭ 3 patients; GluN1 ϭ 86.4%, p Ͻ 0.0001; GluN3A ϭ 0.2%, p ϭ 0.52, two-way ANOVA).
themselves near the epitope, we created additional deletion mutants. The crystal structures reveal an ␣-helix spanning residues 144 -156 in close proximity to N368/G369, although far removed in primary sequence. Therefore, we deleted these residues and stained with patients' antibodies. Deletion of residues 144 -156 abolishes antibody staining (Fig. 8A, D) , providing further evidence that this region of the bottom lobe is a necessary component of the epitope. Because of the proximity of N368/G369 to the top lobe, we also created a top lobe deletion mutant. This mutant, unlike the other mutants we have made and tested, shows a wide range of staining with patients' antibodies (Fig. 8E) . While some antibodies maintain staining with this mutant (Fig. 8A) , others lose staining entirely (Fig. 8B) , and still others show an enhanced response to the deletion of the top lobe (Fig. 8C ). These data indicate that the antibody binding site on GluN1, while universally involving residues N368/G369, shows more variability than the N368/G369 staining patterns suggest.
Discussion
This study has shown that the ATD of GluN1 is necessary and sufficient for recognition by antibodies from patients with anti-NMDAR encephalitis. Within the ATD, we have identified a small region that is crucial for antibody recognition. The importance of this region is similar across multiple demographic and etiological subgroups of the disorder, and specific structural features of antibody recognition are linked to specific physiological properties. Furthermore, acute antibody application prolongs the open time of the receptor. We have also identified a region that impacts antibody staining in variable ways. Together, these studies identify biochemical features common across the rapidly expanding field of anti-NMDAR encephalitis patients, with implications for receptor physiology in the presence and absence of antibody, as well as a less prominent variation that may ultimately explain some of the differences between patients. This is an important step toward a more complete understanding of the pathophysiology behind this recently discovered and increasingly prominent disorder.
While the distribution of patient antibody staining resembles that of GluN2B (Watanabe et al., 1992; Akazawa et al., 1994) and/or GluN1a splice variants (Laurie et al., 1995), antibody staining is unaffected by GluN2 and instead appears to be controlled by the conformation of the GluN1 ATD. Patients' CSF can immunoprecipitate cerebellar GluN1, suggesting that there is no inherent structural difference between cerebellar GluN1 and hippocampal/cortical GluN1 that abolishes immunoreactivity when assayed in solution. The different regional pattern of antibody staining could instead reflect conformational differences in GluN1 in receptors as presented in fixed slices versus receptors assayed in solution. Cerebellar NMDARs are conformationally distinct from cortical/hippocampal NMDARs as measured by pharmacological approaches (Murphy et al., 1987; Sanchez-Perez et al., 2005) . Such differences may be less prominent in more flexible detergent-solubilized receptors, allowing antibody binding.
The single channel studies of N368/G369 mutants link recognition by patients' antibodies with specific physiological properties. The ATD has a number of well defined roles in NMDAR physiology (Paoletti, 2011; Furukawa, 2012) . It is necessary for receptor assembly (Meddows et al., 2001; Hansen et al., 2010) and contains the binding site for a number of allosteric modulators (for review, see Paoletti, 2011) . The ATD consists of a top and bottom lobe, creating a clamshell-like structure (Jin et al., 2009; Karakas et al., 2009; Sobolevsky et al., 2009) . The conformation of this clamshell may reflect interactions with other receptor subunits as well as binding of modulators (Karakas et al., 2011; Furukawa, 2012) , which then alter channel opening and closing (Gielen et al., 2009; Paoletti, 2011) . N368/G369 are adjacent to the hinge of the clamshell; changing the size of these residues could readily change the open/closed clamshell dynamics.
The mutations to residues N368/G369 could affect the closed time of the receptor by changing the clamshell conformation, which then impacts antibody staining. Incrementally increasing the size of the G369 residue causes a corresponding decrease in patient antibody staining; this indicates that G369 may act as a hinge, inducing progressively greater conformational change that increasingly distorts the epitope and prevents antibody binding while also affecting receptor open probability (Fig. 8 F, G) . We propose that acute antibody application to wild-type receptors stabilizes the open conformation, leading to the observed increase in open duration. Alternatively, mutantinduced conformational changes could alter the relative exposure of an antibody binding site located elsewhere in the ATD. Changing the glycosylation state of N368 could have a similar effect, inducing variable conformational changes depending on the mutation introduced.
While our data suggest that the clamshell conformation of the GluN1 ATD affects patient antibody binding, how this relates to the differences in antibody binding across brain regions in immunohistochemical experiments is unclear. Differences in regional reactivity are not directly modulated by the GluN2/3 subunit or post-translational modifications of N368/G369. Other interactions such as regional binding partners or region-specific release of modulators could play a role in antibody recognition. The expression of physiological NMDAR modulators is not usually restricted to one or two brain regions, as large pools of presynaptic zinc, an NMDAR modulator, are found in most brain regions (Palmiter et al., 1996; Wang et al., 2002) ; polyamines, which can modulate NMDARs through multiple mechanisms (for review, see Yamakura and Shimoji, 1999) , are released throughout the brain (Paschen et al., 1992) ; and EphB receptors, which can bind NMDARs (Dalva et al., 2000) , are expressed throughout the nervous system (Willson et al., 2006) . Therefore, while several candidate modulators of ATD conformation could confer specificity on antibody recognition, none have obvious regional restrictions. Further work remains to be done to determine the causes of differential regional antibody binding in tissue and, based on symptomatology, in vivo.
In addition to the potential importance of the N368/G369 region on channel function, the current study provides tools that will be useful in refining the diagnosis and evaluation of subjects with potential anti-NMDAR encephalitis. Here, distinct patient groups all have similar antibody reactivity when evaluated by point mutations of N368/G369. This work can be expanded to include more patients to test for variability within the population. These mutants also allow more selective evaluation of anti-NMDAR encephalitis patients compared with other patient populations having NMDAR antibodies, such as lupus (DeGiorgio et al., 2001 ) and those with predominant psychiatric symptoms or abnormal movements (Chapman and Vause, 2011; Rubio-Agusti et al., 2011) . The detailed antibody response in such patients might correlate with a wider range of symptoms displayed. We found that deletion of the top lobe of the ATD can maintain, Figure 7 . Adult male and pediatric patients show similar reactivity to GluN1 mutants as the original adult female patient population. A, Example staining patterns of a patient from the originally identified patient population (female with ovarian teratoma) and a more recently identified patient (pediatric male). B, Quantification of staining patterns in patients that match the original cohort (n ϭ 9 -11 patients) and those that have been identified more recently (males and pediatric patients without tumors, n ϭ 7 patients). The patient population does not contribute to the variability within the samples (0.01%, p ϭ 0.82, two-way ANOVA); most variability is accounted for by the GluN1 mutant (76.71%, p Ͻ 0.0001). Most of the significant differences between GluN1 mutants are identical between the two cohorts: wild-type versus all mutants, p Ͻ 0.001 to p Ͻ 0.0001; N368Q and G369I versus G369S and N368D, p Ͻ 0.05 to p Ͻ 0.0001. However, the differences between T370A and N368D are significant in the male/pediatric cohort ( p Ͻ 0.05) but not the original ( p Ͼ 0.05). *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001. enhance, or abolish antibody staining. Because of the proximity of N368/G369 to the top lobe, it seems reasonable that a small shift in the exact epitope between patients could result in variable responses to the presence of the ATD top lobe, while maintaining the N368/G369 region as a primary component of the immunogen. This would be similar to the known epitopic region of the nicotinic acetylcholine receptor in myasthenia gravis, in which many antibodies are directed against a "main immunogenic region," which is fairly small but not a single epitope (Tzartos et al., 1998) .
Anti-NMDAR encephalitis patients may also make additional GluN1 antibodies. A number of autoimmune disorders have diverse antibody responses, including SLE, in which only one-third of patients have anti-NMDAR antibodies (Lauvsnes and Omdal, 2012) , and myasthenia gravis, in which roughly half of the antibody response is directed against the main immunogenic region (Lindstrom, 2002) . We have previously shown that patients' CSF and serum IgG have similar effects on NMDARs in cultured neurons (Hughes et al., 2010 ). However, it is possible that those effects are all mediated by a specific antibody population, namely the conformation-dependent ATD antibodies described here. While those appear to be the only NMDAR antibody population in the CSF, it is possible that the serum antibody response is more heterogeneous, as has been described for other disorders (Raju et al., 2005) . These mutants provide a means for testing the heterogeneity of the serum antibody population, which may be helpful for monitoring disease progression. Additionally, IgA antibodies to the NMDAR were recently described in association with cognitive decline ; it would be interesting to test whether these antibodies are directed against the same region of GluN1.
The region around the glycosylation site GluN1-N368 controls recognition by patients' antibodies, but glycosylation itself is not necessary or sufficient for antibody staining. Still, it is becoming increasingly clear that glycosylation affects channels in a variety of ways: GluN2B glycosylation was recently identified as a determinant of synaptic integration (Storey et al., 2011) , and ASIC1a trafficking is regulated by N-linked glycosylation (Jing et al., 2012) . The regulation of glycosylation is still largely unknown; however, one potential mechanism of regulation is the restricted Figure 8 . Additional deletions of GluN1-ATD subdomains support an epitope located near the hinge of the top and bottom lobes and reveal a degree of antibody heterogeneity. A-C, Binding of patients' antibodies is blocked by deletion of an ␣-helix spanning residues 144 -156, which is near N368/G369. Deletion of the top lobe (top del) of the ATD, however, has variable effects. It can preserve antibody staining at levels close to that of wild-type (A), destroy antibody staining (B), or increase antibody staining (C). D, Deletion of residues 144 -156 uniformly destroys antibody binding (n ϭ 4 patients, ****p Ͻ 0.0001 vs wild-type, Student's t test), while deletion of the top lobe has different effects on different patients (n ϭ 15 patients, p Ͼ 0.05 vs wild-type, Student's t test). E, Individual staining intensities of ATD top lobe deletion versus wild-type. F, Model of ATD with proposed antibody binding site and effect of G369 mutations. Open-cleft conformation of the ATD both allows antibody binding and leads to channel opening, and the nearby ␣-helix spanning residues 144 -156 also seems to play a role. Antibody binding to this open conformation then stabilizes the conformation and prolongs open time. The proximity of the top lobe of the ATD makes it likely that a small shift in epitope location could result in the variable staining patterns of the ATD top lobe deletion mutants. G, Substitution of larger residues at position 369 block antibody binding and promote a closed-cleft conformation that keeps the channel closed.
expression of different glycosyltransferases (Yamamoto et al., 2003) . As the detailed investigation of specific glycopeptides becomes more commonplace, the mechanisms underlying glycosylation regulation should become more clear.
While the present work has made substantial progress in determining which components of the ATD are necessary for antibody binding, developing tools that can be used to both study the role of ATD conformation on channel function and make a thorough examination of the patient population, considerable work remains. Based on the present data, N368 PTMs are not a tenable explanation for the relative lack of cerebellar antibody staining and symptomatology, but the reason for the sparing of the cerebellum is unknown. It is unclear how ATD modulatory factors interact with patient antibody binding and what effect that might have on disease progression. Also, while the present work provides strong evidence that the epitope is the same across patients with tumors and those without, how the autoimmune response is generated in the latter group is unclear. There remain a large number of potential triggers for the initiation of the immune process; as this disorder becomes more widely identified and studied, there should be significant advances in this area. Because recovery rates are much greater when the tumor is found and removed (Dalmau et al., 2008) , determining the immunological trigger must be a priority in future work. The tools developed here should help in that process.
